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CHAPTER-1

BACKGROUND STUDY
1.1 Motivation

Graphene is utilized in a number of applications due to its unique properties, including high
electrical' and thermal® conductivity, tensile strength® and transparency®. As graphene is insoluble
in water and does not exhibit fluorescence, such applications are limited to passive platforms for
sensing and cell work. Graphene derivatives, however, such as graphene oxide (GO) and graphene
quantum dots (GQDs), possess unique properties which make them more attractive for biomedical
applications: both are water soluble, provide a versatile platform with a variety of addends for
convenient functionalization-based drug attachment, and both exhibit low to no cytotoxic response
at concentrations used in our work. Additionally, many forms of GO and GQDs exhibit intrinsic
fluorescence in the visible>® and even in the near-infrared, which can be optimal for in-vitro and
in-vivo imaging. These advantageous properties, as well as unique optical sensing capacity of GO
and GQDs have not been fully utilized to date for biological applications. This study aims to fill
this gap by exploring the properties of GO and GQDs as standalone multifunctional agents for

imaging in visible/near-infrared, cellular internalization, and biosensing.



1.2 Questions to be Answered

il.

1il.

Are graphene oxide and graphene quantum dots suitable for biomedical
applications?

Here, we will study the properties of the material itself via size characterization,
cytotoxicity, degradation of the material over time, and the emission spectra at
varying pH levels. This will indicate if the material can be utilized as a multi-modal

agent in vitro, and will be covered in chapter 2.

Can these nanomaterials be used for imaging and delivery?

This question leads us to evaluate the ability of the material to be imaged and
internalized in cells. We will determine the ideal imaging settings and detect
emission from nanomaterials over cell autofluorescence background. We will also
determine the timeline for cellular internalization and excretion for future

drug/gene delivery. This analysis will be discussed in chapter 3.

Do they offer sensing capabilities?

At this point in the study, we will be looking to see if the material can offer
biosensing capabilities in vitro. Referencing the emission spectra at varying pH
levels (discussed in chapter 2), we will determine if the nanomaterials can be used

as nanoscale sensors of intra- and extracellular pH in chapter 4.



1.3 Introduction

Cancer is one of the leading causes of death worldwide, with a staggering estimated death
toll of over 609,000 in the United States alone in 2018”. While existing therapies such as radiation,
and chemotherapy can be successful®, they often affect both healthy and cancer tissues, which can
be detrimental to patients’ health. Current cancer chemotherapies are not deterministic and offer
little information about the treatment pathways. Thus, very important developments arise in the
area of image-guided therapies’ utilizing fluorescent dyes and nanomaterial platforms for
therapeutic tracking that can also improve cancer survival rates, detect cancer, and explain
treatment pathways. Fluorescence is an optical effect that is utilized to track the material in the
biological cells and tissues. The fluorescence process in materials involves excitation of an
electron over a band gap into an excited state after which it decays into a lower, valence band
allowed state and its energy is released in the form of a photon that has generally lower energy
than the excitation photon. Fluorescence is used in bio-applications in a variety of ways, including
fluorescent dyes for bioimaging'®!!, fluorescence resonance energy transfer (FRET) allowing for
the highly sensitive study of molecular interactions or distances between molecules in biological
environments'? enabled due to the energy transfer between a donor and acceptor fluorophore which
is dependent on the inverse distance separating the two molecules to the sixth power'®, and two-
photon excitation microscopy that allows using high penetration depth near-infrared photons to
excite fluorescence dyes and nanomaterials deeper in the biological tissue ',

Nanomaterials are on the forefront of being utilized for biomedical applications, including
their use in treatment and detection of cancer!>, central nervous system (CNS) diseases'®, sickle
cell'”, and autoimmune disorders'8. They provide a platform that can be altered to address specific

needs of the particular disease treatment and can be integrated into a system to either suppress or



stimulate desired traits, such as antitumor effects or treatment of inflammatory disorders'*2°. They
can also image treatment in cancer cells and tissues in the visible?! and near-infrared (NIR)*? and
enable targeted delivery>>**. Drug delivery is beneficial as delivery agents may protect the healthy
tissue from adverse effects of chemotherapeutics encapsulating them and it also enables safe
transport of gene therapeutics prone to degradation and water-insoluble drugs to cancer tumor sites
and cells. The power of nanotechnology-based systems lies in their multi-functionality, offering
both drug delivery and detection capabilities.

The potential to perform multiple functions using one agent is the attractive force driving
the integration of molecular therapeutics with nanomaterials-based drug or gene delivery vehicle
systems. Although such nanoformulations significantly improve the capabilities of conventional
therapeutics, there is still a challenge to expand the options for image- and sensing-guided therapy
and advance targeting to cancer cells and/or multiple cell types. Currently, very few systems can
carry out imaging, sensing, and delivery concurrently?®, while none are used in clinic due to low
biocompatibility®®, complex fabrication?’, lack of in-vivo imaging and detection capabilities,
issues with body clearance?, and unknown decomposition routes®® unless otherwise altered.
Biocompatible nanomaterials exhibiting environment-dependent electronic and/or structural
properties are expected to fill this gap with a promise of utilization as molecular sensors as well as
for imaging and drug delivery.

Most popular nanomaterial platforms, liposomes®S, polymers®, quantum dots*® and gold
nanoparticles’® seldom address all of these issues focusing more on just a few of the
aforementioned functions. A new promising class of materials, including carbon-based platforms,
has a potential to address near-infrared (NIR) imaging beneficial for in vivo work and non-toxic

gene delivery®!'. Near-infrared imaging is significantly more suitable for in-vivo application than



that in visible exhibited by conventional dyes, as near-infrared light penetrates substantially deeper
into biological tissue. However, cancer detection capabilities and potential toxicity issues of these

materials still remain unaddressed. Graphene is yet another remarkable carbon material that is used

33,34

in a variety of applications, ranging from water desalination’? to new age electronics®*** graphene-

assisted laser desorption/ionization for mass spectrometry®> and high resolution electron
microscopy®. Recently graphene has been used in biomedical applications including DNA
sequencing’’, biosensor development®®, and graphene-enhanced cell differentiation and growth3®.
However, its insolubility in water leading also to asbestos-like toxicity and lack of band gap
fluorescence hamper its use in bio-applications. Graphene derivatives*>*? on the other hand

including graphene quantum dots, graphene oxide*' and an assortment of graphene-based

42,43

nanoparticles™* provide water-soluble platforms that can be optimized for imaging and drug/gene

44-46

therapeutic transport. So far these materials have been used for targeted delivery 45,46

, imaging

and chemical sensing*’. In many of these applications, however, carbon nanomaterials have to be

48,49

modified, via PEG conjugation for imaging, biocompatibility and therapy™>" or require the use of

50,51,52

additional dyes for detection Such multicomponent formulations still may exhibit

significant non-specific toxicity***¢ due to some of their constituents, can be complex to

53,54

reproducibly fabricate, and require external fluorophores for fluorescence tracking””>>* while many

of them also do not possess desired capabilities for cancer detection.

To date, we explored graphene oxide (GO) as a multimodal platform to address these
issues*!. Graphene oxide possesses unique properties which make it more attractive for biomedical
applications: it is water soluble, provides a large platform with a variety of addends for convenient
functionalization-based drug attachment, and exhibits fluorescence in visible/near-infrared. These

55, 56, 57

properties are utilized in GO field-effect transistor biosensors , cellular probing and real-



time monitoring using a wide-field fluorescence microscope®, and scaffolding for cell cultures
and tissue engineering®. Finally, nanoscale graphene oxide has been adopted for the delivery of

55,60,61,62

anticancer drugs into biological cells , as aptamers for ATP probing in mouse epithelial

cells, and gene delivery>®%*%_ For such applications, however, GO was modified and has only

59,61

been utilized as a delivery agent or rarely as a fluorescence marker’™”, requiring either

incorporation of external fluorophores>%-66¢

or complementary covalent functionalization with
PEG for successful delivery®®%’. Additionally, many GO forms used in biological applications
exhibit intrinsic fluorescence only in the visible™® even with advantageous near-IR 2-photon
excitation®. This can be optimal for in vitro work or low penetration depth imaging, but not for
conventional in vivo studies where near-IR emission in the water window, where water absorption
and tissue scattering are low, is desired for deep tissue penetration. All these complexities hamper
the potential use of GO in biomedical applications resulting in the lack of data on its cytotoxicity
and non-targeted intracellular accumulation. Finally, in vitro optical sensing capacity of GO has
not been utilized to date. Our work fills this gap by exploring the properties of GO as a standalone
multifunctional agent for imaging in red/near-IR, cellular internalization, and biosensing.

GO offers the benefit of a large platform for attachment of functional groups including
targeting moieties, MRI agents and anticancer drugs®’, possesses imaging capabilities due to its
fluorescence in the visible and NIR ranges, as well as pH-dependent electronic transitions’®. pH-
dependent emission is beneficial for optical cancer sensing as it offers the capabilities to detect a
shift in the spectra depending on the environment. This is promising, as cancer environments are
more acidic than healthy ones due excretion of lactic acid by cancer cells’!. In this work, we

explore the property of GO to vary its fluorescence as a function of pH’? in the biological range

for the detection of such cancerous environments. We suggest GO as a prospective platform for



therapeutics, as unlike other therapeutic nanoformulations, it can be produced at low cost and large
quantities’*, and its oxygen-containing groups can be functionalized with molecular chemotherapy
drugs in a variety of covalent and non-covalent approaches’™. GO can also protect gene

therapeutics from nuclease-mediated degradation’%"

, that is highly beneficial as we ultimately
intend to utilize it for siRNA gene delivery. Additionally GO flakes developed and used in our
work exhibit pH-dependent fluorescence in the red tailing into near-IR’? spectral region with
reduced biological autofluorescence background and tissue scattering. Here for the first time, we
introduce a concept of in vitro optical pH sensing by GO and test the feasibility of GO as a novel
multifunctional agent for delivery, imaging and sensing of cancerous environments.

Although GO has a high potential for multifunctional image-guided drug/gene delivery, its
size, NIR imaging and some minor cytotoxicity limitations have a potential to be further addressed
through utilizing zero-dimensional graphene quantum dots (GQDs). GQDs share desirable
properties of graphene oxide including water solubility, and pH-dependent fluorescence, but also
have a variety of attributes that can enhance their use in biomedical applications. Current
applications of GQDs include their use as biological labels for stem cell research®, cellular and
deep tissue imaging’®, and photodynamic therapy”. GQD structures can be designed to exhibit
higher quantum yields®’, stability against photo-bleaching®!, and few possess emission in the near-
infrared®?. NIR imaging modality has been hypothesized as a successful tool for in vivo imaging
due to higher tissue penetration depth: as opposed to visible, NIR light can penetrate centimeters
of biological tissue®® allowing for in vivo fluorescence imaging for some targets.

GQDs fluorescing in the visible have already been utilized in a variety of biological
applications including bioimaging®*. The current obstacles with further utilizing these platforms

for translational studies include complexity in preparation (widespread top-down approaches



provide poor reproducibility®® while bottom-up approach tends to produce QDs with lower
quantum yields®’) and emission mostly in the visible®?. Attempts to improve quantum yields®® or
facilitate NIR emission®’ typically increase QD toxicity due to the introduction of extra
components or toxic functional addends. In order to address biocompatibility, complexity in
fabrication and high-yield fluorescence capabilities along with near-IR imaging, we develop novel
doped graphene quantum dots with advantageously modified optical properties. Nitrogen-doped
(N-GQDs), sulfur-doped (NS-GQDs), and boron nitrate-doped (BN-GQDs) graphene quantum
dots are synthesized via simplistic and reproducible 1-step hydrothermal route and tested for
biological imaging both in visible and near-infrared as well as pH-based cancer detection in vitro.
These GQDs demonstrating high biocompatibility, and high-yield visible emission along with
near-IR fluorescence in NIR window I (650-950nm) show the capacity to become non-toxic
standalone multifunctional agents for imaging in the visible and near-IR, effective cellular

internalization, and biosensing.



CHAPTER- 2

SYNTHESIS AND CHARACTERIZATION OF NANOMATERIALS
2.1 Graphene Oxide

2.1.1 Fluorescence

Graphene oxide is a 2-D material derived from graphene by introducing oxygen
functionalities, enabling fluorescence emission from GO that is not observed for graphene.
Fluorescence of graphene oxide can be explained by two potential sources. The first theory
contributes fluorescence origins to the islands of graphitic carbon surrounded by oxygen-based
functional groups®, and the second assumes that it originates from regions of confined electrostatic
potential surrounding the functional groups®®*°. Each theory can be explained using the quantum
mechanical example of a particle in a box, such that we see the splitting of the energy levels and
therefore, the creation of the bandgap in otherwise gapless graphene, which is derived from a
smaller size of the confined region. Using the first theory, it can be explained such that the
confinement of the graphitic regions impacts the free electrons within graphitic islands, causing
the quantization of the energy levels. Due to confinement, the gap between the conduction and
valence bands is introduced with the energy of several eVs yielding the possibility of fluorescence
in the visible®®. The second theory also resembles the 2D particle in a box example, in which, a
confined region of electrostatic potential is considered around certain functional groups and is
thought to be inducing electronic confinement. As we expect both the regions of graphitic carbon
and regions of electrostatic potential vary in size across GO platform, GO fluorescence feature is
expected to consist of multiple emission peaks with different emission energies. It is important to
note, however, that neither of these theories for the pathways of GO emission have been fully

confirmed although experimental evidence in ozone-driven oxidation of GO°! points to the



possibility of manipulation of the size of graphitic regions that leads to change in fluorescence
emission energies. GO is reported to fluoresce in the visible and tails into the near-IR*? and can be
seen in Figure 1a, which suggests it is beneficial for biological imaging. This is because there is

less scattering of the light, which leads to the preferential transmission of longer wavelengths®.
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Figure 1 A) Emission spectra for graphene oxide produced via the Hummers Method (different

from our sample) in a very acidic environment. B) Circled GO flakes imaged at emission 650 nm.

This allows for higher tissue penetration, up to a few centimeters®’, making graphene oxide an
ideal material for its use in bioimaging applications. Additionally, GO flakes can be easily detected
under the microscope (Figure 1b) and vary significantly in size which can be further adjusted by
processing. This allows GO to be explored as a potential imaging agent for both in vitro and in

vivo studies.

10



2.1.2 Size characterization
An advantage of GO as a delivery vehicle is its ease of modification, starting from the

239 and type®! of functional groups to be explored in our further work, to the size of GO

amoun
flakes®. To achieve optimal internalization and imaging conditions, we explore the influence of
transfection time and the size of GO flakes on the internalization efficiency: generally,
nanoparticle sizes below 200 nm, are expected to show improved cell penetration’®?’.

As GO flakes were purchased from commercial vendor, Gographene, initially GO flakes
have a very broad distribution of sizes with high abundance in over 1um flakes, which makes
unprocessed GO unsuitable for cell internalization. In order to address that issue we began by
varying the mean size of GO flakes by high power ultrasonic processing with a tip ultrasonicator
at a 3W power setting for periods up to 60 minutes in aqueous suspensions. This processing
dispersed GO in water and allowed for controllable size alteration of the flakes. As a result of that
processing, flake dimensions (measured along their longest axis) decreased from approximately
Ium for non-treated GO down to 190 nm (Figure 2) with the expectation for small flakes, sized
below 200 nm to show improved cell penetration’®®’. The most extensive ultrasonic treatment (60
min), yielded substantial aggregation of GO flakes seen in SEM images (Figure 2-60 minutes),
which is hypothesized to hamper successful internalization as the aggregates can range

significantly in size or shape and also over time get combined with other aggregates and grow in

size.

11
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Figure 2 Mean Flake Size vs. ultrasonic treatment time from SEM analysis. Error bars are below
the size of some points. Insets are SEM images of GO flakes subject to 0 min to 60 min ultrasonic

treatment. Scale bars are 10 um.

Single-layer flake thickness identified in the atomic force microscopy (AFM) images provided by
commercial GO supplier was verified by scanning electron microscopy (SEM) imaging (Figure 2)
to ensure few-layered flakes so that the transverse flake dimensions are also compatible for

successful internalization.
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Figure 3 Fluorescence spectra of varying ultra-sonication treatment procedures.

This processing did not significantly affect GO fluorescence emission, therefore retaining its

properties as an imaging agent (Figure 3).

2.1.3 Cytotoxicity

The issue of non-specific toxicity in healthy tissues is one of the major drawbacks for the
use of nanomaterial-based platforms, preventing their translation into clinic. Other carbon
platforms report large cytotoxic responses’, which leads us to study the cell viability in the
presence of graphene oxide. As opposed to the toxicity of water-insoluble carbon platforms®, GO
shows only small to negligible cytotoxic response with over 85% cell viability at the imaging
concentrations of 15 pg/mL as indicated by the MTT assay (Figure 4), making it superior to many
other carbon nanomaterials for biomedical applications. Expected concentrations for future patient
use will likely depend on drug toxicity as opposed to GO toxicity. An MTT cytotoxicity assay is
conducted using determined concentrations of the GO sample, Thiazolyl Blue Tetrazolium
Bromide, and DMSO. Each sample is prepared via serial dilutions at the testing concentrations
ranging from 0 to 15 pg/mL. The absorbance is measured using the FLUOstar Omega microplate

reader, and analyzed using Omega software, where a higher absorbance is indicative of living cells.
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Figure 4 Cytotoxicity of GO in HeLa cells showing percent cell viability with respect to the GO

concentration (error bars are below the size of the points on the graph).

2.1.4 pH dependent spectra
Since we envision GO as a multimodal agent for imaging, delivery, and sensing, we further
explored its capabilities as a molecular pH sensor for cancer detection. This is allowed by pH-

70,100

dependence of GO emission discovered in previous works in the biological pH range with

significant changes between pH 6 and 8 as seen from the fluorescence spectra of GO in suspension

in (Figure 5).
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Figure 5 (a) Fluorescence spectra of GO in aqueous suspension at various biological pH levels.

(b) Green to red emission intensity ratios with respect to pH level.
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In the acidic limit GO emission is centered in red and tails into near-IR, however in the biological
pH limit the emission varies significantly between red and green. The variations between emission
intensities in green (550 nm) and red (over 630 nm) for acidic to basic pH allow us to envision
ratiometric sensing of cancerous environments: we propose utilizing ratios of red to green emission
that appear to be different for acidic and regular pH environments (Figure 5) for detection and
assessment of different pH. As pH changes from 6 to 8 (Figure 5) the green to red emission ratio
decreases by the factor of approximately 1.4. This suggests the potential application of GO as a
potential sensor for acidic environments present in cancer tumors occurring as a result of cancer

cells excreting more lactic acid'°!,

2.2 Graphene Quantum Dots
2.2.1 Synthesis

Graphene quantum dots are synthesized using a microwave-assisted treatment procedure,
and is completed using a commercial microwave. A glucosamine solution is placed in a microwave
and treated for 40 minutes at a power setting of 450 W. The graphene quantum dots produced
using this method are then purified from the smaller-sized via bag dialysis with 500-1000 Da
membrane for seven days. A substantial synthesis yield of 15-20% is achieved after purification®’.
Different dopant substances (sulfur thiourea or boron precursors) could be added to the
hydrothermal synthesis step to achieve different quantum dot types (N-GQDs, NS-GQDs, and BN-
GQDs), which show different emission efficiencies due to doping-related fluorescence quenching

or enhancement.
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2.2.2 Fluorescence
Graphene quantum dots also exhibit fluorescence peaks in the visible to the NIR regions. GQDs

used in this work exhibit two emission features: in the visible and in the near-infrared (Figure 6).
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Figure 6 Emission spectra in visible and NIR for N-GQDs, NS-GQODs, and BN-GQDs

The emission in the visible range is expected to be confinement-related occurring in the visible
due to the small size of quantum dots. This again relates back to the example of a 2D particle in a
box, where, as the region becomes confined, the energy levels become quantized. Therefore, the

fluorescence emission transitions occur in these confined regions®. The emission in the NIR,

16



however is potentially related to electronic states at the defects or their arrangements®’. These
fluorescence properties possessed by GQDs make them promising materials for potential use in
biological applications: NIR imaging allows for a significantly higher penetration depth®® than that
conveyed by conventional visible fluorophores due to less scattering at higher wavelengths, which
is beneficial for the further development of this project into animal imaging applications. Thus as
fluorophores, GQDs offer the advantage of fluorescing in both the visible, which can be utilized
for in vitro studies, or in the near-IR for in vivo analysis'®?. These fluorescent properties make

GQDs a promising platform for image-guided delivery.

2.2.3 Size characterization/Degradation

Graphene quantum dots are an advantageous nano-vehicle due to their size and ability to
be doped with other materials, enabling the tuning of their optical properties. As synthesized GQDs
show crystallinity and sizes of 3-5 nm derived from TEM images (Figure 7), which suggests easy
cell penetration. In order to be compatible for biological studies, ideal imaging/delivery vehicles
are desired to be biodegradable to avoid accumulation in the body and increasing residual toxicity
associated with that. To verify that graphene quantum dots can be degraded biologically they were
imaged in HeLa cell culture over time with TEM. Images of the GQDs at the treatment times of
0-36 hours in HeLa cells demonstrate significant decrease in size and crystallinity resulting in the
degradation of the quantum dots over time (Figure 7). At 24 hours, GQD sizes tend to become

smaller and they lose their circular shape.
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Figure 7 TEM images of N-GQDs for varying treatment times in cells. Scale bar is 5 pm.

By 36 hours, the quantum dots appear to be partially - to fully degraded. Currently, we hypothesize
that the degrading parts are separated in a form of glucose-based monomers that are further

metabolized by the cells. Further experimentation will be performed to verify this hypothesis.

2.2.4 Cytotoxicity

Again, the toxicity was evaluated to verify the validity for the use of graphene quantum
dots for in vitro and in vivo studies and applications. HeLa cells were treated with BN-GQDs, NS-
GQDs, and N-GQDs up to maximum concentrations allowed by the synthetic procedure but no
significant cytotoxic response was observed for NS-GQDs and N-GQDs. Both NS-GQDs and N-
GQDs show over 90% cell viability at the imaging concentrations of 1 mg/mL as indicated by the
MTT assay (Figure 8). The apparent increase in cell viability at lower cell doses could be
potentially explained that QDs may have partially degraded to glucose feeding the cells and
improving their proliferation. NS-GQDs AND N-GQDs concentrations are not expected to limit

use in patients due to this low cytotoxic response.
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Figure 8 Cytotoxicity of BN-GQODs (black), NS-GQODs (blue), and N-GQDs (red) in HeLa cells

showing percent cell viability with respect to the GOD concentration.

The absence of significant cytotoxic response of the cells to high concentrations of these quantum
dots shows that they have the potential to be used in multiple bio applications. HeLa cells did,
however, display a higher cytotoxic response when introduced to the BN-GQDs with below 60%
cell viability, thus hindering their future use in vitro and in vivo at the concentrations above 0.1
mg/mL. The MTT cytotoxicity assay was again conducted using serial dilutions at the testing

concentrations ranging from 0 to 2 mg/mL.

2.2.5 pH dependent spectra

For GQDs to also be used as a sensing mechanism, we explored their ability to detect the
difference in pH of their environments. Fortunately, their emission exhibit substantial dependence

of pH and the most significant variation of their spectra fall within the biological pH range.
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Figure 9 Fluorescence spectra of N-GQDs at varying pH levels in (a) visible, (b) NIR and NS-
GQODs in (c) visible, (d) NIR region. Uncertainty in spectra is below line width; no quenching is

observed.

As can be seen in Figure 9, there are substantial changes in the spectral shape within the spectra
between pH 6 and 8. At the basic pH — blue and at the acidic pH — green shoulder of their spectra
become more dominant. The emission intensities are changed between green (550 nm) and blue
(450 nm) peaks by a factor of approximately 1.7 for N-GQDs and 1.6 for NS-GQDs. Though
slight, this effect can allow us to differentiate between low pH and biological pH environments
first, spectrally. We hypothesize that the ratio between these two peaks can be used for detection
of a cancerous environment, and N-GQDs and NS-GQDs could be used as sensing agents in cancer
and healthy cell types. The emission spectra for BN-GQDs shows no shift in the spectra,
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potentially, due to the passivation by of some of the functional groups by boron dopants and

therefore cannot be used for cancer detection.

CHAPTER-3

IMAGING CAPABILITIES
3.1 Graphene Oxide

3.1.1 Emission of sample vs. control

Here we test the capabilities of GO as an imaging agent for tracing the delivery pathways
of therapeutics delivered by GO platform. As a fluorophore, graphene oxide exhibits fluorescence
with a quantum yield of approximately 1%°!, though some report quantum yields of up to 10%'%
in the visible and also near-IR where the biological autofluorescence background is diminished.
This makes red/near-IR emissive GO used in the present study an advantageous agent for
biological imaging. In this work we optimize and test GO for that application: we used 480 nm
excitation, while detecting GO emission in red (630 nm) to achieve imaging of cancer cell

environments. Excitation and emission wavelength ranges were selected on the basis of the

spectral analysis of GO emission features and its excitation spectra’!.

Figure 10 Fluorescence microscopy. (a) HeLa cells transfected with GO (b)Fluorescence image
of non-treatment control HeLa cells (c) Overlay of fluorescence and bright field image for non-
treatment control HelLa cells.
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In order to account for autofluorescence from cells, imaging settings (integration time and gain)
were chosen such that there was zero autofluorescence observed from a number of cells in control
samples (Figure 10b). The ability of GO to internalize and provide fluorescence imaging in cancer
cells was verified by introducing GO suspension into HeLa cell culture for 1 hr. GO-treated HeLa
cells were washed prior to imaging to remove any extracellular GO adhering to the cell membrane
so that the GO we see in images could be situated only within the cells. Microscopy images indicate
substantial 630 nm emission from nanoscale GO flakes inside the cells (Figure 10a). Individual
GO flake structures are not resolved, as internalized flake dimensions are expected to be under 300

nm104,105

. We have specifically decreased the integration times and lamp intensities so that the
autofluorescence from the cells would be below the noise level (Figure 10b, 10c). Thus, the GO

emission that is observable with these settings is significantly above the autofluorescence. At the

same imaging conditions, non-treated cells show no observable emission (Figure 10b, 10c).

3.1.2 Internalization

GO-based imaging in HeLa cells provides a unique capability not only to track GO and
potentially its payload but additionally to assess the internalization and excretion of GO from the
cells. Considering that no photobleaching was recorded for individual GO flakes over time, the
increase of GO emission in cells is attributed to internalization, while decrease - to excretion. Since
we expect more effective internalization with smaller nanoparticle size, alteration of GO size by
ultrasonic treatment allows for more efficient internalization. To achieve optimal internalization
and imaging conditions, we explored the influence of transfection time and the size of GO flakes

on the internalization efficiency.
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Emission from GO formulations processed by different ultrasonic treatment routines was
observed in HeLa cells at 1, 3 and 12 hours post transfection (Figure 11). GO externally attached
to cell membrane was removed by two consecutive washing procedures leaving mainly the
emission from internalized flakes. The matrix of images for different ultrasonic treatments versus
transfection times shows the highest emission processed by 30 and 50 min of ultrasonic treatment
(corresponding flake sizes of 202 nm and 190 nm) at 3W power at the transfection times of 1 to
3h.

As predicted, the aggregation of the 60 min treated GO leads to low intracellular GO
emission (Figure 11) thus setting a limit of 190 nm for effective flake sizes used in this work. The
general trend in this study showed less emission at 12 hours for smaller flake sizes, which indicated
potential excretion of graphene oxide from the cells. Knowing the optimal flake size (average long
axis dimension of 202 nm corresponding to 30 min ultrasonic treatment time), we used it to
determine the optimal internalization/excretion time frame for GO as a therapeutic carrier over
time periods of 30 min to 24 hr. Imagel] software was used for image analysis including
calculations of background-subtracted emission per unit area and per biological cell. Background
intensity per unit area was calculated by taking an average of the mean gray value of the
background and multiplying it by the area of each measured region. Corrected total cell
fluorescence (CTCF) was determined by taking the integrated intensity over the whole cell and
subtracting out the average background intensity determined from three different background
intensity measurements for each image. Error estimates were made by calculating the standard
deviation and dividing by the square root of the number of analyzed images. This allows to assess
that the normalized fluorescence intensity per unit area is consistently within a small range of

values, validating the hypothesized trends.
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Figure 11 Image matrix of GO emission in HeLa cells with varying ultrasonic treatment time

(vertical) vs. transfection time (horizontal). Scale bar length is 5pm.

As indicated by the plot of integrated fluorescence intensity per cell (Figure 12), optimal
internalization occurs at 1 hr post transfection with the following excretion of GO from the cells
down to 30% in 24 hrs. Such rapid internalization with the evidence of further excretion is
beneficial for drug transport: quick and efficient delivery of the drug is desirable, while the
clearance of the platform from the cells allows to avoid cytotoxicity and cell damage associated

with accumulation of the large amounts of nanomaterials.
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Figure 12 Intensity per unit area of GO emission from HelLa cells depending on the treatment

time. Error bars are within the size of the points.

Colocalization studies allow us to infer the function and/or location of a molecule through
its association with certain parts of a cell'®®. These studies are more beneficial than just taking a
fluorescent image as they allow to analyze the distribution of particle in comparison to known,
labelled parts of the cell itself. Lysotracker green labels the lysosomes within a cell, while DAPI
labels the nucleus. Overlay images allow us to determine in which cell compartment graphene
oxide localizes after the delivery, which helps understanding the entrance pathways used by the
nanomaterial in vitro. DAPI and lysotracker green co-staining show in Figure 13b that GO
emission does not significantly co-localize with cell nuclei. Only few such sections are seen in the
‘purple’ (Figure 13 a, b) on the overlay image. However, in a number of cells GO appears to co-
localize with lysosomes stained by lysotracker green, suggesting endocytosis as one of the
pathways of cellular entry (Figures 13a, c) and initial internalization of GO flakes within the
lysosomes. These regions are observed as orange in Figure 13 (a and c¢) overlays, indicating the
overlap of the green lysosome stain and the red GO emission. Due to a high amount of charged
functional groups we expect GO to destabilize ionic pressure in endosomes facilitating further

escape.
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Figure 13 A) Colocalization images of GO emission (red) with DAPI (blue) and Lysotracker
Green (green) staining within HeLa cells. B) Fluorescence imaging: GO + DAPI staining of HeLa

cells. C) Fluorescence imaging: GO + Lysotracker green staining of HeLa cells.

This colocalization also adds to the proof of cellular internalization suggesting the potential of GO
as an imaging and therapeutic delivery agent.
3.2 Graphene Quantum Dots
3.2.1 Emission of sample vs. control

Similar to the evaluation of GO, we then tested the capabilities of GQDs as imaging agents
for tracing the delivery pathways of therapeutics transported by GQD platforms. In this work we
optimize and test N-GQDs, NS-GQDs, and BN-GQDs for that application: imaging both in the
visible and near-infrared. Internalization studies were conveyed in vitro, thus visible imaging was

utilized with 475 nm excitation, while detecting GQD emission at 535 nm to achieve imaging of
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cancer cell environments. As the visible GQD emission usually showed slightly higher intensity
than that in NIR, we conveniently used that for cell imaging, where as opposed to animal models
deep tissue penetration of NIR emission is not required. Excitation and emission wavelength
ranges were selected on the basis of the spectral analysis of each of the GQD emission features
and excitation spectra (Figure 9). Integration time, gain, and lamp intensity were adjusted such
that the signal from the quantum dots was brightest with the lowest autofluorescence signal from
the HeLa cells (Figure 14). This allows us to hypothesize that the emission signal detected is
coming almost exclusively from the graphene quantum dots. Additionally the cells were washed
prior to imaging thus no extracellular GQD emission is expected to interfere with cell imaging.
Each graphene quantum dot type was introduced to HeLa cells in an aqueous solution and imaged

after 1 hour transfection time.

Figure 14 Fluorescence microscopy. (a) HelLa cells transfected with GQODs (b)Fluorescence
image of non-treatment control HeLa cells (c) Overlay of fluorescence and bright field image for

non-treatment control HelLa cells.

As can be seen in Figure 14, GQD emission significantly well above the autofluorescence level of
the cells, while non-treated cells show no observable emission at the conditions chosen in this
experiment. This is expected as the quantum dots synthesized in our works have generally

substantially higher quantum yields than GO.
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Another exciting application of the quantum dots studied in this work is their potential use
for multicolor imaging. These nanomaterials have stable fluorescence that does not show
detectable fluctuation with prolonged irradiation that has features in the visible and the near-IR,
allowing for potential in vivo studies, as the near-IR yields deeper penetration into biological
tissues. If successful, this would allow for non-invasive optical imaging of the therapeutic
pathways simultaneously with drug delivery in animal. Each quantum dot type was imaged at a
variety of excitation and emission wavelengths, and shows emission in blue (450 nm), green (535
nm), and NIR (750 nm) (Figure 15). A capability of imaging across different spectral regions
makes quantum dots even more desirable for potential applications utilizing image-guided therapy:
they become more versatile imaging agents that, depending on the need, can be imaged at different

wavelengths in vitro and also in the near-infrared in vivo.
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Figure 15 Multicolor imaging of N-GQODs, NS-GQDs, and BN-GQD:s in blue, green, and near-IR.
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3.2.2 Internalization

An internalization study for GQDs is critical for evaluating the treatment time for the
different types of quantum dots. Here, the maximum intensity is assumed to be the maximum
internalization point, as the HeLa cells underwent a washing step prior to imaging, to remove any
extracellular material including quantum dots. This left only the GQDs that have internalized into
HeLa cells. Each type of quantum dots was imaged in vitro, allowing us to determine the time-
point for maximum internalization. In order to assess the internalization, we recorded the
fluorescence intensity per unit cell area for over 100 cells with backgrounds subtracted in the
Imagel software. Since all GQDs outside the cells were removed, that emission signal was deemed
to be proportional to the amount of GQDs internalized into cells and thus was plotted with respect
to time to assess the most efficient internalization time frame. Internalization plots for N-GQDs,
NS-GQDs, and BN-GQDs shown in Figure 16 indicate that the 12 hour treatment point provided
the largest fluorescence intensity for all quantum dot types. Similar internalization is expected as
the GQDs tested in this work had similar structures and only varied in doping types and levels

affecting electronic properties and toxicity.
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Figure 16 Cell internalization/excretion plots for N-GQODs (red), NS-GQODs (blue), and BN-GQDs

(black). Error bars for some points are within their size.
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The general trend in this study showed less emission at 24 hours for each quantum dot type, which
indicated potential excretion of GQDs from the cells. This is important, as future in vivo studies
would require the excretion of the nanovehicle to minimize its toxicity to cells and cell deformation
through over-accumulation observed with multiple other nanomaterials'®’. The internalization and
excretion trend can also be evidently seen in the representative images when comparing the

emission intensity at different treatment times (Figure 17).

BN-GQD

N5-GOD

N-GOD
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Figure 17 Image matrix showing quantum dot type vs treatment time points. Excitation 475 nm

emission 535 nm.
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It is clear that the emission signal in cells is increasing between the 1 and 3 hour transfection
images with the peak at 12 hours and decrease post 24 hours (except for BN-GQDs that do take
somewhat longer to excrete). As more cells are illuminated with green emission at 12 h time point,
we expect that the graphene quantum dots are at maximum internalization within the cell. Again,

the autofluorescence emission from these cells is kept below the noise levels.

CHAPTER- 4

SENSING CAPABILITIES

4.1 Graphene Oxide
4.1.1 Individual sensing capabilities

In addition to imaging and successful internalization, the optimized GO flakes show the
capacity of pH-based detection of cancerous environments. Since cancer cells excrete lactic
acid!®!, tumor regions maintain acidic environments at approximately pH 6 at which GO shows a
markedly different emission signature than at a regular pH of 7-8 198 10% 110" According to spectral
dependence of GO emission on pH of the environment, we propose using it as a microscopic pH
sensor and test GO flakes for detection of pH at the microenvironments. At the single flake level
(Figure 18) we observe brighter emission in red (630 nm) than green (550 nm) for the more acidic
(pH 6) environments, and a quenched red emission for more basic (pH 8) environments.
Quantitatively this results in average green to red emission intensity ratios of 0.548 and 0.777
calculated per unit area for pH 6 and 8, respectively integrated for over 400 individual flakes. The
difference in emission on the single flake level leads us to assume that such sensing will be possible

within cellular environments.
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pH 8.0 pH 8.0

Figure 18 Fluorescence of individual GO flakes at pH 6 vs 8 in red (630 nm) versus green (550

nm) with 480 nm excitation.

4.1.2 Sensing capabilities in vitro

In order to verify the in vitro sensing capabilities, we introduced GO suspension subjected
to 30-minute ultrasonic processing (optimal for internalization) to two cancer and one healthy cell
lines (HeLa, MCF7, and HEK-293) without washing so that the extracellular GO will be retained.
That way we aim to detect the pH of both intracellular and extracellular environments using the
emission signal. The statistics of GO emission in green (550 nm) and red (630 nm) for the pH
analysis of cancer versus healthy cells was obtained by performing measurements on over 100
cells for each excitation wavelength. The images taken were of the same cells, allowing for the

analysis of the exact same objects in both red and green.
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550/630 nm Intensity Ratios

HEK-293 HELA MCF-7
INTRACELLULAR 0.93 +£0.04 0.91+£0.03 0.91+0.01
EXTRACELLULAR 0.82 +0.04 0.62 +0.03 0.72+0.01

Green

Red

Table 1 Comparison of intracellular vs. extracellular green/red intensity ratios across healthy
(HEK-293) versus cancer (HeLa and MCF-7) cell lines, and images demonstrating fluorescence

differences for extracellular environments: emission in red is brighter for cancer cells. Scale bar=
Sum.

Again, CTCF was determined by highlighting the fluorescent regions in red and green and
subtracting out the average background intensity in the area equal to that of the highlighted regions.
The CTCF for red and green GO emission were then compared for intracellular and extracellular
data sets, allowing for the quantification of the green to red emission ratios. As the pH of the

intracellular environment was not expected to vary greatly due to the internal cell buffering

34



HLUZ "we saw very little differences in green/red ratios of intensity per unit area for

capacity
intracellular GO emission in either cell type (Table 1). This effect is dictated by the pH buffering
by cell proteins and phosphate buffers in intracellular compartments restricting pH within a narrow
range of approximately 7.1-7.2!1%113_ Statistical analysis of scattered GO flakes located in the
extracellular environments, however, show that green/red ratios of intensity per unit area are
greater for healthy rather than cancer cells (Table 1). This relative difference of 13-25% also
potentially affected by pH buffering of cell media, provides a significant variation to be used for
the detection of cancerous environments, given only 2% difference between such ratios
intracellularly and the large sampling size of over 500 flakes. This suggests a promising potential
of GO as a nanoscale local sensor of cancerous environments either in vitro, ex vivo or intravitally
using techniques developed for protein sensing!!'* or for determination of tumor borders in surgical
procedures'!®. pH-sensing capacity of GO can be also utilized for applications other than cancer
such as detection of microscopic pH changes in media, drug screenings, and assessment of cellular

processes 116117,

4.2 Graphene Quantum Dots

4.2.1 Sensing capabilities in vitro
pH-sensing is important for these platforms as this would add to the modalities in which

8 sensors to be used for glucose

such formulations could be used, such as cancer detection'!
detection''” or nucleic acid probing'?’, and the development of multifunctional imaging, sensing
and delivery platforms. Many nanomaterials fail to offer the efficiency of simultaneous imaging,
delivery, and sensing'?!"'?2, This capability would add to the remarkable properties of GQDs,
making them a fully multifunctional agent. To verify the sensing capabilities of the N-GQDs and

NS-GQDs, we introduced suspension of each quantum dot type to two cancer and one healthy cell

lines (HeLa, MCF7, and HEK-293). Again, cells were imaged without a washing step so that the
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extracellular quantum dots will remain: the pH sensing of extracellular environments could be an
important marker of high extracellularly excited lactic acid levels. Thus here, similarly to GO, we
aim to detect the pH of both intracellular and extracellular environments using the emission signal

from quantum dots.

535/450 nm Intensity Ratios Across Cell Lines N-GQDs

HEK-293 HELA MCEF-7
INTRACELLULAR 1.73 £ 0.49 2.56 +£0.05 227 +0.63
EXTRACELLULAR 1.22+0.01 8.27 +0.05 8.38 £0.63
Green
Blue

Table 2 Comparison of N-GQDs intracellular vs. extracellular green/blue intensity ratios across
healthy (HEK-293) versus cancer (HeLa and MCF-7) cell lines, and images demonstrating
fluorescence differences for extracellular environments: emission in green is brighter for cancer

cells. Scale bar= 5 um.
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The statistics of GQD emission in green (550 nm) and blue (450 nm) were compared for
images taken of the same cells for over 100 cells at each excitation and emission wavelength. The
CTCF was determined by accounting for the average background intensity in each sample. These
corrected values were then used for the ratios found in Table 2 and 3. Table 2 describing the
emission ratios and providing visuals for N-GQD emission at a particular wavelength in cancer
verses healthy cells shows that there is a minor trend amongst the intracellular ratios. This is due
to the fact that pH buffering by cell proteins and phosphate buffers maintain the pH within a narrow
biological range ''>!13, Extracellular ratios, however, vary significantly between healthy (HEK-
293) and cancer (HeLa, MCF-7) cell lines. Green to blue ratios are larger for cancer cell type
extracellular environments, indicating more emission in green (acidic pH) than blue (regular pH),
whereas the opposite trend is true for the healthy cell type samples. This distinction between cancer
and healthy extracellular environments suggests that GQDs can be used as sensing agents in vitro.
The results found for the N-GQDs were comparable to those found in the NS-GQDs (Table 3):
the intracellular ratios again offer only a mild change between cancer and healthy cell types,
whereas extracellular green/blue emission ratios offer significant differentiation between the
cancer and healthy environments. This is confirmed visually by the images of GQD emission in
green and blue in cancer versus healthy cell types (Tables 2, 3). The emission of BN-GQDs does
not indicate pH-dependence spectrally and was not analyzed in vitro for pH-based cancer
detection. The ratios observed in this work differ from those expected from the variation of GQD
spectral signatures with pH. Such a dissimilarity can be explained by the effect of biological redox
environment not present in aqueous suspensions on protonation and deprotonation of functional
groups, and additionally by integration of the emission intensity over the spectral range permitted

by the microscopy filters. GQDs in biological cell experiments are also generally imaged near the
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cells providing sensing of pH microenvironments in the vicinity of the centers of lactic acid

excretion where the immediate concentrations of excreted lactic acid could be higher.

535/450 nm Intensity Ratios Across Cell Lines NS-GQDs

HEK-293 HELA MCF-7
INTRACELLULAR

1.09 +0.01 218+ 035 173 +0.09
EXTRACELLULAR 1.50 0.01 496+ 035 3.57 +0.09
QGreen
Blue

Table 3 Comparison of NS-GQDs intracellular vs. extracellular green/blue intensity ratios across
healthy (HEK-293) versus cancer (HeLa and MCF-7) cell lines, and images demonstrating
fluorescence differences for extracellular environments: emission in green is brighter for cancer

cells. Scale bar= 5 um.
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Nevertheless in vitro work reveals a more efficient cancer sensing that provides a promise of using
of GQDs as nanoscale pH sensors in vitro and due to the pH-dependence of NIR emission also
indicates the potential for GQDs to be applied as sensors of cancerous environments in vivo for
future works.

In addition to cancer detection, graphene quantum dot imaging and sensing can be utilized
for a wvariety of applications, including electrochemical biosensors'?*!?*  photostable
bioimaging'?, and optoelectronic devices®. Electrochemical sensors utilize GQD-modified

123 Imaging and sensing

electrodes, and have demonstrated high selectivity and sensitivity
capabilities of GQDs can be beneficial for bioimaging insofar as they offer higher photostability
and a higher quantum yield (up to 62%)% as opposed to many other nanomaterials'?*. GQDs have
also been utilized for optoelectronic devices such as solar cells'?® and LEDs®,

There are also a multitude of applications utilizing the imaging, sensing, and delivery
capabilities of graphene quantum dots that have not yet been explored and we envision those as
potential future GQD research areas. For example, NIR fluorescence of GQDs could be used for
imaging different diseases of the eye such as glaucoma which causes damage to the optical nerve
due to eye pressure'?’, CMV retinitis which attacks light sensing cells in the eye'?, or other

129 Additionally, pH sensing of

prominent ocular diseases such as age-related macular degradation
GQDs could be used for patients who suffer from chronic acidosis, entailing accumulation of
acidic compounds in the blood, or other alkaline related diseases. We envision GQDs to be
potentially be used as drug delivery, sensing, and/or imaging moieties for a number of these
diseases. We also hypothesize the use of GQDs for therapeutic delivery/imaging in the brain for

brain cancer/tumor treatment as they possess a very small size resulting in a possibility for

penetration of the blood brain barrier!*’. If able to penetrate into brain tissue, for example, GQDs
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could aid the treatment of brain tumors, as well as other diseases of the central nervous system!'3!.
Likewise, due to the fact that NIR fluorescence can penetrate through the layers of biological
tissue, including parts of the skull'*?, quantum dots offer optical advantages for image-guided
treatment at different parts of the body. It could therefore be possible to image drug delivery to the
eye and/or the brain, for example, more simply and effectively than with for visible fluorophores
that are limited by the penetration depth. For example, NIR fluorescence imaging would allow
nearly 360-degree imaging if drugs delivered to the back of the eye in animal studies. Therefore,
we envision that with the proper experimental investigation GQDs could offer simultaneous

imaging, sensing, and treatment for diseases even beyond the scope of cancer therapies.
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CHAPTER- 5
CONCLUSIONS

5.1 Conclusions

In this work we have tested both GQD and GO novel nanoscale platforms for imaging
internalization, biocompatibility and cancer sensing. Based on our findings we suggest that
graphene oxide can be used as a multifunctional imaging, delivery, and cancer-sensing agent. GO
used here exhibits low to no toxicity at the imaging doses, which opens a possibility for further
animal studies with this material. The most efficient cellular internalization of GO occurs at 1 hour
post transfection and at the smaller flake sizes of ~200 nm that can be simply achieved by 30-
minute ultrasonic treatment. In this form, GO can be used as a delivery agent that internalizes
quickly and with 70% excretion after 24 hours. pH-sensitive GO emission not only allows to detect
its presence in biological cells, but also provides the means to assess the microscopic pH of the
cellular environments. In this work, GO shows efficient discrimination of acidic extracellular
cancerous environments of HeLa and MCF-7 cells as versus healthy HEK-293 cells with no
significant differentiation between their intracellular environments. This outlines a promising
potential of GO as a new candidate for the delivery of drug or gene therapeutics, biological imaging
via its intrinsic fluorescence in red/near-IR and detection of cancerous environments in vitro, ex
vivo or intravitally. GO offers a fully multifunctional affordable in mass production alternative to
existing nanocarriers without the need of attaching additional imaging and sensing moieties that
contribute to the toxic profile of the formulation. Additionally, its modifiable platform allows for
further variation of GO flake sizes, functional group types and degrees of oxidation allowing to

tailor this multifunctional imaging/sensing platform to a variety of applications including
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assessment of enzymatic reactions, detection of glucose or DNA, and microscopic optical pH
sensing for multi-analyte monitoring.

Here we also develop and test a novel even more advantageous nanomaterial: graphene
quantum dots. GQDs utilized in this work have for the first time been developed in our lab to
provide unique capabilities not present in other current GQD platforms. We also propose graphene
quantum dots as imaging, sensing a delivery agents for cancer therapeutics. However GQDs have
superior properties of smaller size, no cytotoxicity, ease in preparation and apparent
biodegradability. Toxicity analyses show that within the imaging concentrations used throughout
the study, N-GQDs and NS-GQDs are essentially harmless to the cells, while BN-GQDs offer
some cytotoxic response and should be restricted to lower concentrations of ~0.lmg/mL. Each
quantum dot type is approximately 3-5 nm in size, therefore making them easily internalized by
the cells, with their maximum internalization occurring at 12 hours. This is verified both visually
and analytically, indicating that the GQDs are also excreted within 24 hours, making them suitable
for drug delivery as they are not expected to accumulate in cells for an indefinite time as many
current delivery vehicles do. Additionally, GQDs studied here are biodegradable with over 36h
degradation period allowing time for drug release and at the same time making them safe to use in
living organisms as they are not expected to accumulate and are hypothesized to degrade in
glucose-based monomers. N-GQDs, NS-GQDs, and BN-GQDS all exhibit fluorescent emission
that peaks both in the visible to the near-IR, suggesting their imaging capabilities are superior to
other nanomaterials used in biomedical applications only exhibiting visible fluorescence. These
GQDs can be used for multicolor imaging, indicating the possibility of imaging in cells via visible
fluorescence and in tissues via NIR emission. This fluorescence signal is also pH-dependent,

allowing the GQDs to detect a difference between cancerous (HeLa and MCF-7 cells) and healthy

42



(HEK-293 cells) environments. This study suggests that GQDs have a potential to facilitate a novel
approach to a critical biomedical need of imaging in vitro and in vivo, sensing, and therapeutic
delivery. GQDs are affordable, easy to produce, and are fully multifunctional agents possessing

the properties which could help revolutionize cancer treatments currently available.

5.2 Questions Answered

1. Can these nanomaterials be used for biomedical applications?
Both graphene oxide and graphene quantum dots have shown that they can be used
for biomedical applications. The size of GO can be altered such that the flakes can
be internalized by cells more efficiently without altering the optical properties of
the flakes themselves. The GO flakes are non-toxic at the imaging concentrations
used in this work, allowing them to be potentially utilized in biological drug/gene
delivery studies. . Properties of graphene quantum dots also suggest their successful
use in biomedical applications. GQDs are very small (3-5 nm) allowing for
effective cellular internalization, and are non-toxic at high concentrations of over 1
mg/mL. Additionally, GQDs show degradation in cell culture after 36h which is
beneficial as they are not expected to accumulate in the body for a long time
constantly adding to the toxicity profile. This complements the biocompatibility of
GQDs suggesting that they can be effectively used for biomedical applications.
GQDs can be also scalably produced via green synthetic methods at low cost, which
is uncommon for modern drug delivery and imaging agents.

il. Can they be used for imaging and delivery?
Graphene oxide can be imaged in the visible and graphene quantum dots — in both

visible and near-IR with emission well above autofluorescence levels at non-toxic
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iil.

concentrations. In vitro imaging studies show that both nanomaterials are
successfully internalized with peak treatment times of 1 hour for GO; 12 hours for
GQDs, with successive excretion. Lastly, graphene oxide appeared to localize
primarily with the lysosomes during the colocalization study. This suggests cellular
entry through endocytosis. As a result, we infer that both GO and GQDs can be
used for image-guided delivery with tracking in the visible and also in the near-IR
for GQDs, suggesting their further potential for in vivo imaging.

Do they offer sensing capabilities?

Based on its pH-dependent emission spectra, GO can be used as a ratiometric
detection tool of acidic cancerous microenvironments proved to be effective in
vitro. Magnitudes of the green to red GO emission ratios used to assess acidic
versus regular biological pH show substantial variation for extracellular healthy
versus cancer environments for three cell lines, allowing for differentiation between
those. The spectra for NS-GQDs and N-GQDs suggest that they too can be used to
sense a difference in pH between acidic cancerous and regular healthy
environments. BN-GQDs do not show the same result, and therefore cannot be used
as a sensing agent. When introduced to cancer versus healthy cell cultures, NS-
GQDs and N-GQDs show even more significant difference in their green to blue
emission ratios associated with the acidity of the environment. This way they allow
to distinguish between acidic and regular environments in cancer and healthy
extracellular regions. Therefore, it is concluded that GO and GQDs in general do

offer sensing capabilities for biomedical applications.
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5.3 Future Works

Our next step will be a two-step process where we will combine our tested nanomaterials-
based delivery agents with anticancer drugs and genes, including doxorubicin, gemcitabine,
paclitaxel and siRNA!3%13% and then test their efficacy in vitro. We will study the effect of using
combinations of genes and drugs delivered concomitantly by the nanocarriers as those are known
to produce significantly improved anticancer effect 3% 136 137 The objective is to create an
innovative treatment formulation that allows us to image in vitro, sense a difference within a

cellular environment, and deliver an anticancer agent/gene therapy to a cell via a nanovehicle.

Upon attachment of cancer therapeutic or siRNA gene therapy agents, we will repeat
previous steps to assess how different cell types react to the different formulations. While
additional research must be done for each formulation, we can hypothesize effective attachment
via non-covalent interactions. This is the simplest way to attach the drug while providing a
capability of easy clearance of the therapeutic once it enters the cell. If this turns out to not be a
possibility, we could consider chemical linkage from functional groups of graphene oxide and
GQDs including epoxy, carbonyl hydroxy and carboxyl groups. We may also covalently attach,
cancer-targeting agents such as hyaluronic acid'*® or tumor-targeting peptides'*® in collaboration

with the Department of Chemistry and Biochemistry at TCU.

We will assess the efficacy of our therapies when delivered by nanomaterials alone and in
combination. For drugs, we will begin by testing for toxicity within the cells, whereas for gene
therapies we will test knockdown. If the results are consistent with our hypothesis, we will continue
on to test these formulations in vivo. pH analysis, internalization/excretion analysis, and imaging
studies will be repeated, and the results will be compared to those of the initial nanomaterial

experiments. This allows us to determine the efficacy of the treatment formulations. We will
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compare cytotoxicity/knockdown, imaging fluorescent intensities, and sensing capabilities. Upon

the analysis, the most effective formulations will be selected for the use in animal studies.

Prior to further animal work we would like to verify the capability of cancer detection via
GQD near-IR emission that has a potential to be used in vivo due to its higher tissue penetration.
The next step is to test the treatment formulations in vivo, and determine which formulation
provides the most effective multimodal agent. It is critical to test the functionality of the treatment
formulation in vivo, as this is where current nanoparticles often fall short of revolutionizing
treatment plans. We will first conduct a toxicity study with our formulation with less expensive
BL-6 mice testing the maximum dose to be administered. Further we will treat tumor-bearing mice
with subcutaneous tumors. The study will test the following groups for each formulation: non-
treatment control, therapeutic alone, nanomaterial vehicle control, and the combination of these,
referred to as the treatment formulation. The efficacy of the formulation will be assessed via
measuring tumor volume with a caliper. Finally, we will test the organ tissues in a bio-distribution
study with BL-6 mice imaging the presence of the therapeutic formulation and assessing its sensing
capabilities and its efficacy in organs including liver, spleen, kidneys and tumor via near-IR part
of the intrinsic fluorescence of the nanomaterials. On the basis of these analyses, we will select the

most efficacious formulation.

Optical properties will be explored, allowing for the determination of optimal imaging
settings. Sensing capabilities will be investigated for quantum dots, along with other graphene
derivatives, to determine the optimal settings for imaging in organ slices. As a result, the optimized
animal-tested formulation is expected to provide conclusive evidence of the efficacy of our drug-
nanoparticle treatment formulation. An in vivo study provides more information as to how the

formulation would hold up as a treatment formulation for human patients. Successful results,
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analyzed using the methods and assessments listed below, could improve cancer treatment and
diagnostics, as well as improving the efficacy of treatment of a number of diseases/conditions with

a variety of payloads delivered via an innovative multifunctional nanomaterials-based approach.
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ABSTRACT

CARBON NANOMATERIALS AS IMAGING, SENSING, AND DELIVERY AGENTS FOR
CANCER THERAPEUTICS

By: Elizabeth Campbell, M.S., 2018
Department of Physics & Astronomy
Texas Christian University

Advisor: Anton V. Naumov, Assistant Professor of Physics

The objective of this research is to develop, optimize and test graphene quantum dots
(GQDs) and graphene oxide (GO) for imaging, sensing, and drug delivery. GO and GQDs both
possess properties beneficial for molecular drug delivery/imaging/sensing applications. GO
exhibits pH-dependent fluorescence in the visible tailing into near-infrared, is water soluble and
has a substantial platform for functionalization with multiple therapeutics. GQDs are beneficial
for their biocompatibility, small size (< 5 nm), ease in synthesis, and high yield fluorescence in
the visible and near-infrared. We explore the imaging and sensing capabilities of GO and GQDs in
vitro via their intrinsic fluorescence, pH-dependence of their emission for detection of acidic
cancerous environments, and capabilities for in vitro transport of therapeutics. As a result, we
expect GO and GQDs to introduce a new paradigm, becoming multi-functional agents for imaging,

sensing, and drug delivery advancing scientific approach to cancer treatment and therapeutics.



